Abstract: This paper presents a simulation of an industrial scale filamentous fermentation; the simulation focuses on modeling a 120,000 litre Penicillium chrysogenum batch process. The simulation attempts to address many of the challenges that that are faced by industrial scale filamentous fermentations; these include the control of dissolved oxygen concentration above its critical value and also controlling substrate feed to an optimum trajectory. Previous unstructured models, that didn't consider the changing morphology of Penicillin fermentations, failed to adequately model the historical Penicillin production batch data presented here. This simulation extends previous structured models by including extra process variables such as gas inlet pressure and viscosity, which are shown to have a significant effect on the control strategy of these large-scale fermentations. The accuracy of the model is verified by successfully predicting both the Penicillin and dissolved oxygen concentration using the input data from two industrial 120,000 litre Penicillium chrysogenum batch fermentations. The overall aim of the simulation is to provide an improved test bed for fed-batch Penicillin fermentations that can be used for process monitoring, control and optimization studies.
INTRODUCTION
Penicillin was first discovered by Alexander Fleming in 1928 and due to its miraculous antibiotic properties it is often hailed as the "wonder drug" of the 20 th century. After its discovery, Penicillin was in high demand but research into its properties was halted as only small quantities could be produced. To increase production from milligrams of Penicillin per litre; developed in 1 litre shake flasks, to grams per litre developed in large production vessels, significant technical advances in the field of chemical engineering needed to be achieved. One of the major challenges faced by this scale up problem was supplying adequate oxygen for the fungus to grow. To address these challenges a strong collaborate effort was made between academia and industry resulting in the first 20,000 litre Penicillin production facility being developed in Brooklyn, New York in 1944. Mathematical models were then developed to improve the control and understanding of Penicillin production, they were mainly used to predict the two main process variables; biomass and Penicillin. As Penicillin is produced from a fungus the biomass consists of a complex structure of long filamentous cells known as hyphae, which grow and branch out like wires as the batch progresses. There have been various different types of models that describe the Penicillin fermentations, some more complex than others. The models that consider the internal structure of the hyphae are known as structured models while the models that ignore the internal structure of the biomass and consider mainly the effects of the environmental conditions in the bioreactor are known as unstructured models. The models that consider the batch culture age are known as segregated (Menezes and Alves 1994) . An example of these three model types is described below:
 Structured model -relates the structure of the long, branching filamentous hyphae of the fungus to product formation and substrate consumption and can also be used to describe the rheological properties of the broth. Paul and Thomas (1996) developed a structured model that divided the hyphae into four different sections: actively growing non-product producing, non-growing and product producing, inactive vacuoles forming and inactive degenerate regions.
 Unstructured model -use of kinetic expressions to model growth profiles. Bajpai and Reuss's (1980) used Contois kinetics to describe biomass growth and substrate limiting kinetics to model product formation. Oxygen concentration and the hydrolysis of Penicillin was also considered.
 Segregated model -relates the age of the mycelia population to the other main process parameters such as product formation (Shu, 1961) The most widely used model is Bajpai and Reuss's (1980) unstructured model, which has been used to successfully predict the concentrations of penicillin and biomass in laboratory scale fermentations (Montague et al, 1986, Menezes and Alves, 1994 ).
One of the major problems with Bajpai and Reuss's unstructured model is that it does not take into account any of the complex growth considerations of a filamentous fungal fermentation. These fermentations behave entirely differently from unicellular yeast or bacterial systems (Posch et al (2012) . In these systems the entire biomass is capable of growing and producing product. However, in filamentous fermentations only a small fraction of the total biomass is capable of producing product. Also the growth of the hyphae leads to significant changes in the rheology of the fermentation broth (Olsvik and Kristiansen, 1994) and as a result has a large influence over how the fermentation must be controlled. Various other structured models have been proposed that divide up the hypae into several different sections that relate product and biomass growth to substrate consumption (Paul and Thomas, 1996 , Jens Nielsen, 1993 , Menezes and Alves, 1994 . Tiller et al. (1994) have simplified this approach in their segregated model which separates the biomass into only two sections: growing and product producing and non-growing but still product producing. This model was shown to successfully fit a 20 litre fermentation of a highly productive industrialised strain of Penicillium chrysogenum.
In the work presented in this paper, the model proposed by Tiller et al (1994) has been extended and shown to successfully model two 120,000 litre industrial Penicillin G batch fermentations.
MATHEMATICAL MODEL
To take account of the morphological changes during fermentation, the total biomass (X) is divided up into two sections: X 1 , which is the biomass that is capable of growing and producing penicillin and X 2, which is non-growing but capable of still producing.
The growing and producing part of the biomass X 1 is converted to X 2 at a rate of k 12 and is also affected by cell lysis that occurs at a rate of k ly .
Growth of biomass takes place according to Monod kinetics for both glucose and pharmamedium with max , S  and max , PM  representing the maximum specific growth on glucose and pharmamedium, respectively with K s and K PM as the Monod constants. D accounts for the dilution of these variables as a result of changes in fermentor volume.
The biomass terms are cell age dependant and increase linearly with the normalized cell mean culture age A(t) as described in equation 6 and is calculated from the dry biomass X(t), taking the mean age of cell culture at the start of the fermentation to be zero.
Where a ly and b ly relate to the lysis of X 2 and f 12 relates to the conversion of X 1 to X 2 . Tiller et al. (1994) included pharmamedium as an additional substrate limiting variable. This variable also describes the concentration of several essential components in the culture, such as organic nitrogen, proteins and some amino acids.
The balances for substrate and pharmamedium are:
Y XS and Y XPM relate the yield of biomass to substrate and pharmamedium, respectively. The maintenance term in the substrate balance, m, is also subject to cell age dependant parameters, which is defined as:
With b m and a m taken from table 1.
Although in previous models, Bajpai and Reuss's, penicillin is effected by substrate inhibition kinetics. It has been shown by Constantinides et al. (1970) , Heijnen et al. (1979) and Tiller et al. (1994) that industrial scale penicillin strains can be tolerant to high glucose concentrations and as a result, the inhibition substrate kinetics can be removed and the Penicillin formation can be described as follows:
With P  as the specific growth rate of Penicillin, and k is hydrolysis rate of Penicillin.
The dissolved oxygen concentration in the fermenter is described by an extension of the equations developed by Bajpai and Reuss's (1980) , the extension adds an additional term K Water_D which relates to the addition of water for injection to increase the dissolved oxygen concentration. 
V is the superficial velocity and can be calculated from figure 2 assuming a vessel diameter of 4 meters. P/V is approximated to 3.5 and n is taken as 700 RPM, the viscosity  is shown to vary throughout the batch as shown in figure 6.
APPLICATION OF THE PROPOSED MODEL TO TWO INDUSTRIAL SCALE PENICILLIN BATCHES
To test the validity of the proposed model outlined in section 2, it was used to simulate a 120,000 litre Penicillin G fermentation. This was carried out by supplying the simulation with the control moves from several historical batches collected from a 120,000 litre Penicillin G industrial fermenter. The simulation was then used to calculate the following variables: Penicillin (g/l), biomass (g/l), dissolved oxygen (mg/l) and substrate concentrations (g/l) for each batch. The manipulated, or input variables to the simulation consisted of the following: Substrate feed rate (l/hr), Air flow rate (l/hr), Air flow pressure (m 3 /hr) and water for injection (l/hr). Also the viscosity (centipoise) was used as an input variable in the simulation. These manipulated variables were shown to vary from batch to batch. The simulation has been shown to be highly successful at modelling the output variables given data collected from historical batches. A comparison of the simulated results to the actual industrial results of two historical batches is provided in section 4. All parameters for the simulation are taken from Tiller et al. (1994) , with the exception of those that relate to the consumption of oxygen, which are highlighted in Table 1 . These parameters were adjusted to better fit the experimental data and the values of these parameters are provided in Table 1 . The simulation is shown to adequately describe the two main process variables; Penicillin and dissolved oxygen. It is also shown to be very robust and can be used to fit the data collected from the two industrial batches by changing only the specific growth of Penicillin and the K water_D , which are expected to vary depending on the specific strain of Penicillin that is used in the fermentation process These changes are representative of batch to batch variation and can be adjusted within the simulation to make it more realistic. Table 1 . List of parameters used for simulation-Parameters not taken from Tiller et al.(1994) are marked with an *. Birol et al. (2002) previously developed a simulator for small scale penicillin fermentation process that in addition to the variables included in Figure 1 , considered the effect of temperature and pH on the growth rates of biomass and penicillin. Temperature and pH can have a detrimental effect to biomass and penicillin growth and hence it is important that these variables are regulated very tightly around their set points. In the industrial process considered in this work, these variables were controlled very accurately and hence the effects of these variables on biomass and penicillin growth were ignored. This model was unsuccessfully at fitting the industrial data shown in section 4, data not shown.
COMPARISON OF SIMULATION RESULTS TO TWO HISTORICAL BATCHES
The primary manipulated variables considered in this simulation are the substrate feed rate, the air flow, the air flow pressure and flow rate of water for injection. These variables are generally adjusted through the batch using a previously identified recipe. However, if critical process parameters, such as dissolved oxygen or substrate concentration are outside their target range, then the operator will adjust the manipulated variables accordingly to ensure these process parameters return to their required range. 
Process Variables
The viscosity measurements for each of the two industrial batches are highlighted in Figure 6 . Viscosity was measured offline every 10 hours during each batch. The most critical variable in this process is the dissolved oxygen concentration. To ensure growth of biomass and Penicillin it is essential that the dissolved oxygen remains above a critical value of approximately 2.5 mg/L. Regulating dissolved oxygen to this value ensures that there is sufficient oxygen supplied to the process for all the metabolic activities, including Penicillin synthesis, to occur. As observed from figures 2, 3 and 5, the trajectories of aeration rate, air pressure and flow rate of injected water are all manipulated in direct response to the dissolved oxygen concentration. However each of these manipulated variables has constraints and knock on effects that may inadvertently effect the IFAC CAB 2013 December 16-18, 2013 process. For example, the aeration rate has an upper physical limit and this variable can also be the cause of foaming and so it can't always be operated at high values. The inlet gas pressure also has an upper limit and operating at high gas inlet pressures results in higher dissolved carbon dioxide concentrations which again can inhibit product formation if a critical limit is exceeded. Finally the addition of water by injection dilutes the fermentor contents and as a result should ideally be minimised where possible. The pro's and con's of changing these three manipulated variables poses an interesting control challenge. How to maximise Penicillin production with the following constraints:
 Ensuring dissolved oxygen concentration is kept above its critical limit of 2.5 mg/L  maintaining the aeration rate below its physical limit of 80 l/hr  Keeping the air pressure below its physical limit of 1.1 atms  Minimising the use of the water for injection.
Substrate concentration is seen to decrease towards the end of each batches, and eventually drops to zero. As a result the Penicillin concentration significantly decreases. The decrease in Penicillin shown by the simulation is in very good agreement with the offline results for both batches shown in figure 7 and 8.
This proposed simulation has been shown to accurately simulate the responses of the dissolved oxygen concentrations successfully and as a result it is anticipated that the proposed simulator could be used for offline controller design and optimisation studies, Furthermore, it is also anticipated that the simulator could be integrated within a real-time control system and applied on-line. This is the subject of on-going research
CONCLUSIONS
The simulation presented in this paper has been shown to successfully model industrial scale Penicillin fermentations. The simulation is robust enough to deal with large variations in the manipulated variables and still model the output variables consistently with data collected from historical batches. The proposed simulator is to be used in real-time fermentation studies and is also to be made available as an educational and research tool for controller design, process monitoring and optimisation studies.
